In Brief
Filial cannibalism is accepted as an adaptive tactic but still remains a puzzling issue. Matsumoto et al. show that caregiving males of a blennid fish eat and discard all eggs not for nutrition, but for the removal of the eggs to restart courtships by increasing their own androgen levels, suggesting that this is infanticide rather than cannibalism.
Parental care is costly for animal parents [1] [2] [3] , who often desert, abort, or kill their offspring and sometimes even eat them-so-called filial cannibalism [1, 4] . A primary adaptive hypothesis for filial cannibalism centers on the expected nutritional benefits from eating offspring (the energy-based [EB] hypothesis [5] [6] [7] ). However, many empirical studies are inconsistent with the EB hypothesis [8, 9] . One notable case is total filial cannibalism observed in some fishes. The caregiving males of these species eat all eggs and restart reproduction when tending a small number of eggs, as predicted by the EB hypothesis; but, this is puzzling because they can potentially court females even while tending eggs and increase the eggs by additional matings. Here we show that brood termination known as total filial cannibalism in blenniid fish Rhabdoblennius nitidus males is an endocrinological necessity to restart courtship behavior for subsequent mating. Males exhibit androgen-dependent brood cycling, and they are normally incapable of exhibiting courtships during the parental phase [10] . Egg manipulation experiments demonstrated that egg presence in the nest is a key stimulus regulating male androgen levels; they cannot restart courtship until removing all eggs. Furthermore, surprisingly, eggs were sometimes spit out without being consumed, and the occurrence of cannibalization and removal of all eggs was not associated with male condition. These results strongly suggest that the egg cannibalistic and removal behaviors that have been regarded as total filial cannibalism in this species are infanticide or embryocide rather than cannibalism, which serve to increase the males' androgen levels.
RESULTS
Parental care of offspring is the parents' investment to maximize their fitness by enhancing the offspring fitness [1, 11, 12] . However, since parental care entails substantial costs to animal parents [1] [2] [3] , they often desert, abort, or kill their offspring and sometimes even eat them [1, 4] . Filial cannibalism, the act of consuming one's own viable offspring, was previously considered as an abnormal behavior, but now it is widely accepted as an adaptive strategy [5] [6] [7] . Several hypotheses explaining the evolution of filial cannibalism have been proposed, and some were supported by empirical studies, though these are mainly applicable to partial filial cannibalism [13] [14] [15] [16] [17] . The most widely accepted hypothesis for both total and partial filial cannibalism is the energy-based (EB) hypothesis, which is based on the idea that a parent's energy requirement is considered to be the most important factor inducing filial cannibalism [5] [6] [7] .
Total filial cannibalism can be differentiated from partial filial cannibalism in terms of its effects on the reproductive success of parents. By eating a part of the clutch, parents can somewhat make up for the energy loss caused by egg care and might be able to improve the success rate of their remaining offspring and even their future reproductive success [5, 6, 8] . On the other hand, total filial cannibalism can only improve future reproductive success [8, 9] . Thus, total filial cannibalism can be seen as an adaptive form of offspring abandonment [8, 9] ; parents tend to eat all eggs when the expected benefit of caring is small and at the early stage of egg care to minimize costs [8] . Similarly, the nutritional benefits of eating eggs can be expected to affect the occurrence of total filial cannibalism. However, effects of parent nutritional condition on the occurrence of total filial cannibalism are not detected in some fishes [15, [18] [19] [20] . A particularly puzzling point is that caregiving parents of some fishes eat all eggs and restart reproduction despite that they can court females and obtain additional clutches even while caring for existing eggs. Furthermore, egg presence per se can even make the male parent more attractive to females (e.g., [21, 22] ).
Rhabdoblennius nitidus is a fish exhibiting such a puzzling example of total filial cannibalism. In some ways, it can be predicted by the EB hypothesis: caregiving males eat all of their eggs when the number of eggs is small (less than $1,000 eggs, corresponding to the clutches of three females) and shortly after commencing egg care (mean period ± SD = 0.36 ± 0.72 days, range = 0-2 days, n = 28; Y.M. and T. Takegaki, unpublished data) [23] . However, they eat all eggs without first attempting to obtain additional clutches even though they can potentially do so ( Figure 1A ). We investigated their courtship intensity and plasma androgen levels (testosterone and 11-ketotestosterone) from before spawning to the end of parental care of eggs (Figure 1B) [10], and we found that they repetitively cycle through two distinct reproductive phases (i.e., brood cycling) [10] . During the courtship phase, males exhibit a high intensity of courtship behavior due to their high androgen levels (until the day after first egg acquisition) [10] , and, during the parental phase, they exhibit a low intensity of courtship behavior due to their low androgen levels (from 2 days after first egg acquisition until the eggs hatch) and a high intensity of parental care behavior ( Figure 1B ) [10] .
Since male courtship intensity affects their mating success [10] , males in the parental phase have a very low chance of obtaining additional clutches [23] . Thus, once males have entered into the parental phase, they must continue to care for eggs until hatching, even if the number of eggs is small. However, in fact, such males usually eat all eggs at the end of the courtship phase [23] , and most of them remated on the following day (Y.M. and T. Takegaki, unpublished data). The rapid remating means that parental phase changed to courtship phase after the cannibalism and suggests the possibility that the presence of eggs in the nest is a key factor in suppressing androgen secretion in males, as it is in some species [24, 25] . We hypothesized that R. nitidus males do not primarily eat eggs to obtain nutritional benefits but remove eggs to allow a restart of the reproductive cycle ( Figure 1B) .
Effect of Egg Presence on Male Androgen Levels
We conducted egg removal and addition experiments to examine the effects of egg presence on androgen levels of males. On the day after egg removal, both testosterone (T) and 11-ketotestosterone (11-KT) levels of the males were significantly higher than those of control males with eggs (T: generalized linear model [GLM] with likelihood ratio test, df = 31, F = 17.05, p < 0.0001; Shaffer test; with eggs versus eggs removed, z = 3.33, p < 0.05; Figure 2A ; 11-KT: df = 38, F = 9.62, p < 0.0001; with eggs versus eggs removed, z = 2.15, p < 0.05; Figure 2B ) and were not different from those of control 
Figure 2. Effects of Egg Presence on Male Androgen Levels
Comparisons of testosterone (A) and 11-ketotestosterone (B) levels between males with eggs (control) and males that had all their eggs removed 1 day earlier (left) and between males without eggs (control) and males that had eggs added to their empty nests 1 day earlier (right). The boxplots show medians, 25% and 75% quartiles, 10% and 90% percentiles (whiskers), and outliers (dots). Numbers represent sample sizes. Different letters (a and b) represent significant differences among groups. These results strongly suggest that the presence of eggs in the nest or subsequent egg-care behavior of themselves is a cue in stimulating the secretion of androgens. Males that lost all eggs would be expected to move from the parental phase to the courtship phase: actually, nearly 70% of males acquired new clutches on the day after egg removal (Y.M. and T. Takegaki, unpublished data). Conversely, the appearance of eggs in the nest may cause males to enter the parental phase, even without experiencing the act of spawning. Thus, once males acquire eggs and enter the parental phase, to restart courtship behavior for the next mating, they must either wait for all eggs to hatch or remove all eggs from the nest.
Effect of Male Body Condition on the Occurrence of Filial Cannibalism
The EB hypothesis predicts that filial cannibalism depends on parent body condition [5] [6] [7] . We investigated the relationship between male body condition and the occurrence and degree of filial cannibalism. In experiments inducing partial filial cannibalism, the number of cannibalized eggs increased from the first day to the second day ( Figures 3A and 3B ), but males with lower body conditions cannibalized more eggs over the 2 days (GLM with likelihood ratio test, df = 21, z = 4.08, p < 0.05; Figure 3B ). On the other hand, in experiments inducing total filial cannibalism, males cannibalized almost all of their eggs on the first day ( Figure 3A) ; the number of eggs lost on the first day was significantly more in the total filial cannibalism experiments than in the partial filial cannibalism experiments (df = 31, z = 14.76, p < 0.001). Moreover, there was no significant relationship between male body condition and the total number of eggs lost over the first 2 days (df = 33, z = 1.26, p > 0.05; Figure 3B ). These results suggest that the occurrence of partial filial cannibalism is consistent with a prediction based on the EB hypothesis, while total filial cannibalism is less dependent on the energy requirements of males.
Surprisingly, the cannibalizing males not only consumed their eggs but also sometimes spat them out of the nests (some ejected Relationships between male body condition and the number of lost eggs on the first day (A) and second day (B). Open and closed circles indicate males that engaged in the partial filial cannibalism experiment and total filial cannibalism experiment, respectively. Note that to induce total filial cannibalism, the initial number of eggs was reduced to around 400 (details in STAR Methods).
eggs were collected and confirmed; R.T. and T. Takegaki, unpublished data). This egg-spitting behavior was observed more often in males of the total filial cannibalism treatment (mean frequency ± SD = 0.11 ± 0.08 times/min, range = 1-13 times/min, n = 14) than control males that cannibalized only part of their eggs (0.04 ± 0.09 times/ min, 0-18 times/min, n = 16; likelihood ratio test, df = 28, z = 2.03, p < 0.05). Thus, it seems reasonable to say that egg cannibalistic behavior that has been regarded as total filial cannibalism in this species is primarily to remove eggs from the nest.
DISCUSSION
This study demonstrated that the acquisition of eggs suppresses androgen secretion in R. nitidus males; conversely, egg disappearance, even before hatching, promotes androgen secretion. These results provide a proximate explanation as to why caregiving males cannibalize and remove all eggs when the number of eggs is small, without first attempting to obtain additional clutches. Since male courtship intensity depends on androgen levels, courtship activity starts to decrease after acquisition of the first clutch and the courtship phase ends within 2 days thereafter [10] . When the courtship phase has passed, males generally do not obtain additional clutches because they are unable to perform courtship displays. Normally, males can restart courtship behaviors after the eggs hatch because egg disappearance induces an increase in androgen levels. When the number of eggs is small at the end of the courtship phase, males are forced to undertake egg care with no benefit until hatching, if they do not cannibalize. To acquire a sufficient number of new eggs to offset the costs of parental care, males need to raise their androgen levels by removing all eggs and restarting courtships. Thus, cannibalization and removal of all eggs by caregiving males appear to be essential to restart reproduction promptly while avoiding parental care of a small number of eggs.
In the conventional EB hypothesis, a parent's energy requirement is considered to be the most important factor inducing filial cannibalism [5] [6] [7] , but not all empirical studies support this hypothesis, especially in the case of total filial cannibalism [8] . For example, feeding treatment to caregiving males does not affect the occurrence of total filial cannibalism in two fish species [18, 19] . In R. nitidus, total filial cannibalism occurred irrespective of male body condition, while the degree of partial filial cannibalism was highly condition dependent ( Figure 3 ). More noteworthy is the fact that males in the process of cannibalizing eggs sometimes spit eggs out of the nest instead of eating them, presumably because of the limited capacity of their stomachs (maximum $300 eggs). This egg-spitting behavior strongly implies that egg removal is urgent and that males eat the eggs primarily to remove them, but not merely for nutrition. Therefore, we may conclude that egg cannibalistic and removal behaviors that have been regarded as total filial cannibalism in this species are infanticide or embryocide rather than cannibalism.
A typical example of infanticide in animals is that committed by incoming males to induce female estrous behavior [26] . Recently, also in fishes, infanticide following group takeover was observed in a cooperative breeding species, though its endocrinological status was not examined [27] . Similar infanticide to the case of R. nitidus males is the Bruce effect observed in some rodents [28, 29] and mammals [30, 31] , in which parents kill their offsprings to regulate their own endocrine system. Females terminate pregnancy with declining levels of estrogen to counteract unfamiliar males' infanticide being expected to occur after birth. Both these pregnancy-terminated females and R. nitidus males kill offsprings when they cannot expect to have benefits from the completion of current care of offsprings.
This study uncovered a new mechanism for total filial cannibalism, consisting of a previously unknown physiological constraint and a behavioral strategy to circumvent it, by employing an endocrinological approach to study R. nitidus males. Since the primary concern for males is not their own body condition and the nutritional benefits of eating eggs but removal of all eggs from the nest, egg cannibalistic and removal behaviors that have been regarded as total filial cannibalism in this species are partially inconsistent with the EB hypothesis. On the other hand, there are common characteristics predicted by both the infanticide hypothesis and EB hypothesis, such as occurrence at an early stage of egg care and when clutch size is small. It is hard to say whether the infanticide hypothesis can explain the inconsistency between the EB hypothesis and total filial cannibalism observed in other species. However, there may be a possibility in some species, because androgen-dependent brood cycling has been reported in other fishes that exhibit total filial cannibalism [32] [33] [34] , and the effect of egg presence on male androgen levels was also detected in one other fish [24] .
Our findings also raise another question: why did such an inefficient and inflexible androgen-dependent brood cycling evolve? If R. nitidus males were to maintain high levels of androgens throughout the breeding season, they could court females at any given time and thereby have higher mating success. The most likely reason for not doing so is an adaptation to minimize the deterioration of male immune function, because androgens can decrease immunocompetence [35, 36] . If such an immune deterioration occurs in R. nitidus males, brood cycling would be effective in this species that repeats the cycle of courtship and egg care throughout the breeding season. The cannibalization and removal of all eggs by R. nitidus males may have evolved in order to counteract adaptive, but inflexible, endocrine demands of their own brood cycling. Another possibility is androgen-mediated trade-offs between sexual behaviors and parental care behaviors. In some animals, including fishes [37] [38] [39] [40] , care-giving males with high levels of androgen increase aggressive and courtship behaviors while they decrease parental care behaviors and, in some studies, thereby increase rate of failure of parental care. However, this is unlikely to occur in R. nitidus males because their courtship behaviors, which are usually exhibited at the nest entrance, seem not to make large sacrifices of time and effects of parental care behaviors.
One more curious fact is the inconsistency between male cannibalism and female mate preference: females prefer to spawn with males that already have eggs in their nests [41] , but caregiving males cannibalize and remove all eggs to restart reproduction and then acquire new eggs on the day following the cannibalism. Seen from this point of view, male cannibalism is seemingly maladaptive. Female preference for males with eggs is well known in fishes with paternal egg care and is generally considered as an adaptation to have a dilution effect on predation risk and to avoid male abandonment of parental care and/or filial cannibalism due to a small number of eggs (e.g., [22, 42] ). If this is applicable to R. nitidus, it follows that males cannibalize and remove all eggs even though they can readily obtain additional eggs with the benefit of the presence of eggs. This is probably because the costs of continuing courtship by breaking the brood cycling (e.g., immune deterioration) is relatively high for males. In addition, a high possibility of remating may facilitate male cannibalism. Their rapid remating may partially depend on high female availability, which may be caused by the high population density and short-term male courtship phase during a brood cycling. Furthermore, males can easily obtain new eggs by employing coercive mating even when using empty nests after cannibalism [41] .
To ensure the infanticide hypothesis, it is essential to understand the evolutionary advantage of androgen-dependent brood cycling. Future research should be done to examine the effects of androgens on immune functions in connection to parental care.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: 
STAR+METHODS KEY RESOURCES TABLE CONTACT FOR REAGENT AND RESOURCE SHARING
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Takeshi Takegaki (takegaki@nagasaki-u.ac.jp).
EXPERIMENTAL MODEL AND SUBJECT DETAILS
Rhabdoblennius nitidus is a small marine fish found in the West Pacific Ocean, which mainly inhabits intertidal rocky shores. During the spawning season, from late June to early October in western Kyushu, Japan, males occupy vacant shells and rock holes as spawning nests, and accept eggs from several females [43] . After spawning, the males guard and aerate the eggs for a week until they hatch [44], but during this time they usually eat some or often all of the eggs [45] . Total filial cannibalism occurs in this species when males have a small number of eggs (less than ca 1000 eggs) and occurs soon after the beginning of egg care (mean period ± SD = 0.36 ± 0.72 days, range = 0-2 days, n = 28; Y.M. and T. Takegaki, unpublished data) [23] . Therefore, females prefer to spawn with males with eggs in their nests, and males without eggs will coercively confine females in the nest until spawning [41] . Data were collected from wild R. nitidus males (42 individuals for the experiments to examine the effect of egg presence on male androgen levels, 35 for the experiments to examine the effect of male body condition on the occurrence of filial cannibalism, and 25 for the observation of male egg-spitting behavior). These experiments and observations were approved by the Animal Care and Use Committee of Faculty of Fisheries, Nagasaki University (permission no. NF-0009), in accordance with the Guidelines for Animal Experimentation of Faculty of Fisheries (fish, amphibians, and invertebrates), and Regulations of the Animal Care and Use Committee, Nagasaki University. No permits were needed from the Japanese government for experiments involving R. nitidus.
METHOD DETAILS Fish and nest manipulations
This study was conducted between late June and early September in seven adjacent rocky intertidal pools (dimensions at low tide: 0.8-2.9 m 2 in area, 12-58 cm in depth) on the Koe coast, Nagasaki Prefecture, western Kyushu, Japan (32 45''N, 129 47''E). In this study, nesting males were captured using a hand net. The collected fish were anesthetized using quinaldine (600 ppm), and their standard length (SL) and body weight were measured. They were identified by differences in the color and position of fluorescent paint (Visible Implant Elastomer Tags: North-west Marine Technology Inc., Shaw Island, WA, U.S.A.) injected hypodermically on each side of the body. The marked fishes were allowed to recover from anesthesia in saturated seawater before they were returned to their own nests. All males survived this procedure.
Eggs in natural nests cannot be observed or manipulated, therefore about 50 acrylic pipes (diameter 11 mm; length 65 mm) with one end closed were set in holes drilled into the inner wall of each pool to serve as artificial nest sites in this study. In each acrylic pipe, a detachable translucent plastic sheet was inserted on the inner surface of the side wall, so that we could observe and manipulate the eggs in the nest as described previously [23, 46] . The artificial nests could accommodate a maximum of 2700 eggs. The plastic sheets in the nests were withdrawn, and the eggs on the sheets were photographed using a digital camera (Optio WG-2; Pentax Ricoh Imaging Company, ltd., Tokyo, Japan). The nesting males immediately resumed egg care when the egg sheets were returned to the nests. The digital images were uploaded onto a PC, and the number of eggs on the sheet were counted. REAGENT Effect of egg presence on male androgen levels To test the effects of the presence of eggs in the nests on male androgen (T and 11-KT) levels, two egg manipulation experiments using artificial nests were performed. The first was an egg-removal experiment: on the day after first egg acquisition of the focal males (mean SL ± SD = 50.32 ± 4.62 mm, n = 9, one male was sacrificed before the measurement of body size), the egg sheet with eggs (average number of eggs ± SD = 1175 ± 190 eggs, n = 10) was removed, then a new sheet without eggs was inserted. The second experiment was an egg-addition experiment: egg sheets with eggs (< 1 day old; 1091 ± 154 eggs, n = 11) collected from other nests were put into nests without eggs (mean SL ± SD = 50.39 ± 5.99 mm, n = 10, one male was sacrificed before the measurement of body size). On the day following each manipulation, the focal males were captured with a hand net before the daily spawning time. For comparison with these manipulated males, males with eggs (1050 ± 90 eggs, 47.99 ± 6.99 mm, n = 10) and without eggs (46.85 ± 5.13 mm, n = 11) were also collected as control samples. After anesthetizing with quinaldine, the root of the caudal fin was cut with a surgical knife, and then blood was collected in a hematocrit tube (within 10 min of capture). The blood samples were kept in a cold box (4 C) for transportation to the laboratory. They were then centrifuged at 12,000 rpm for 10 min, and the plasma was collected and stored at À30 C until radioimmunoassay was carried out. T and 11-KT levels were measured by use of the testosterone EIA Kit and the 11-KT EIA Kit (Cayman Chemical, MI, USA), respectively. Plasma samples were diluted 1:100 with buffer from the kit before hormone measurement. Both T and 11-KT levels for each experimental treatment were measured using the same male, but some T values were not obtained due to the small amount of plasma (blood) samples. For the same reason, 11-KT value was determined by averaging two plasma samples from each male, but T value was determined by only one plasma sample.
Effect of male condition on cannibalism
To test the effect of male body condition on the occurrence and degree of both partial and total filial cannibalism, the relationship between the number of cannibalized eggs and the male body condition was investigated in the field. In this experiment, we used males tending newly spawned eggs (< 1 day old) in artificial nests. The focal males were captured with a hand net. The collected fish were anesthetized with quinaldine, and their SL and body weight were measured.
To induce total filial cannibalism, some eggs tended by focal males (mean SL ± SD = 53.44 ± 3.24 mm, n = 12) were removed, leaving 303-585 eggs in the nest (mean ± SD = 415 ± 66 eggs), by scraping them off from the egg sheet as described previously [14] . Partial filial cannibalism commonly occurs in males with many eggs [14] . In the partial filial cannibalism treatments, to control for the effects of egg-removal manipulation on the males (53.02 ± 3.84 mm, n = 23), a small part of the egg mass was removed and the experiments began with 1077-2101 eggs (1474 ± 286 eggs) in the nest. After manipulation, the eggs on the sheets were photographed and then returned to the nest together with the nesting male; they immediately resumed egg care. We confirmed whether focal males continued egg care and photographed the egg sheets to count the number of remaining eggs (see above) for two days following manipulation. The decrease in eggs was regarded to be caused mainly by male filial cannibalism because R. nitidus males use size-matched tight nests and they can efficiently guard eggs from egg predators [47] . Especially, in the case of total filial cannibalism, the eggs were cannibalized within a few hours after experimental manipulation and during this time, males did not leave nests. To minimize the effect of seasonal trend of male body condition on the results, both treatments were performed in parallel during the study period.
Egg-spitting behavior
We compared the frequency of egg-spitting behavior between males of total filial cannibalism treatment and males tending eggs normally. To induce total filial cannibalism in the males using artificial nests, some of the eggs obtained on the day of the experiment were removed, leaving ca 300 eggs. After this manipulation, to confirm the start of total filial cannibalism, eggs in the focal nests were observed every 30 min by inspecting the egg sheet; a decrease of more than 25% of the eggs was defined as the start of total filial cannibalism in this study. When total filial cannibalism occurred, male behavior was recorded using a digital video camera (Xacti DMX-WH1, Sanyo) until the end of cannibalism (12 min 43 s -77 min 48 s, n = 14). Similarly, control males in nest that had not been manipulated were recorded for 30 min (n = 11). The video data were uploaded onto a personal computer, and the frequency of egg-spitting behavior was measured using video playback software. To avoid observer bias, behavioral analyses were done blind to the treatment.
QUANTIFICATION AND STATISTICAL ANALYSIS
Comparisons of androgen levels between treatments were performed with GLM with gamma distribution because the data did not take a value less than 0 [48]. The effects of fixed effect were tested by the likelihood ratio test, and multiple comparisons (Tukey contrasts by Shaffer test) were conducted via the glht function in the multicomp package R v. 3.4.3 [49] . Relationships between the number of lost eggs and male body condition (body weight (g) /SL (mm)3 3 103) were analyzed using GLM with negative binomial distribution that is used for count data with overdispersion [48] (dispersion test function from AER package R v. 3.4.3; z = 1.87, p < 0.05). The number of eggs cannibalized on the first day between total and partial filial cannibalism experiments was compared using GLM with negative binomial distribution that could be analyzed the count data with overdispersion (z = 3.37, p < 0.0005). The e2 Current Biology 28, 2831-2836.e1-e3, September 10, 2018 effect of explanatory variables were also measured using likelihood ratio test. The difference in frequency of egg-spitting behavior per minute between experimental conditions was tested using the negative binomial GLM with likelihood ratio test because of moderate overdispersion (z = 1.33, p = 0.09).
DATA AND SOFTWARE AVAILABILITY
All software required to perform the analyses described in the Quantification and Statistical Analysis section is freely available to download for the open source R program. Raw data have been deposited in Mendeley Data at https://doi.org/10.17632/ 3h6nycmbmy.1.
